Abstract The increased concentration of glutamate in synaptic vesicles, mediated by the vesicular glutamate transporter (VGLUT), is an initial vital step in glutamate synaptic transmission. Evidence indicates that aberrant overexpression of VGLUT is involved in certain pathophysiologies of the central nervous system. VGLUT is subject to inhibition by various types of agents. The most potent VGLUT-specific inhibitor currently known is Trypan Blue, which is highly charged, hence membraneimpermeable. We have sought a potent, VGLUT-specific agent amenable to easy modification to a membrane-permeable analog. We provide evidence that Brilliant Yellow exhibits potent, VGLUT-specific inhibition, with a K i value of 12 nM. Based upon structure-activity relationship studies and molecular modeling, we have defined the potent inhibitory pharmacophore of Brilliant Yellow. This study provides new insight into development of a membrane-permeable agent to lead to specific blockade, with high potency, of accumulation of glutamate into synaptic vesicles in neurons.
Introduction
Glutamate synaptic transmission underlies the major neural communication system in the central nervous system (CNS). As such, glutamate transmission is involved in various CNS functions, and dysfunction of this synaptic transmission is implicated in a variety of CNS pathophysiologies. Loading of glutamate into synaptic vesicles is the initial pivotal step in glutamate transmission. This ensures sufficient concentration of glutamate in the synaptic vesicle prior to its release to the synaptic cleft. Released glutamate thus concentrated signals activation of its various receptors. Vesicular glutamate loading is achieved by an ATPdependent, glutamate-specific vesicular uptake system, consisting of v-type proton-pump ATPase and a vesicular glutamate transporter (VGLUT) [1] [2] [3] [4] [5] [6] [7] [8] . Bellocchio et al. and Takamori et al. have demonstrated that a brain-specific isoform of the Na ? -dependent phosphate transporter functions as VGLUT [9, 10] , and three isoforms (VGLUT1-3) are now known [11, 12] . They have different brain regional, cellular, and subcellular distributions. However, they exhibit no difference in biochemical uptake function. Overexpression of VGLUT1 has been shown to enhance glutamate synaptic transmission [13] .
VGLUT1 is overexpressed in the hippocampus of temporal lobe epilepsy patients [14] . It is also overexpressed in a seizure-prone animal model as well as in an animal model with pilocarpin-induced seizure [15, 16] . VGLUT2 is increased in the cortex of absence epilepsy animals [17] . ATP-dependent vesicular glutamate uptake had been shown to be elevated in the cerebrum of a genetic animal model of human complex partial seizures [18] . VGLUT1 has also been shown to be overexpressed in the amygdala of major depressive disorder and bipolar disorder patients [19] . These lines of evidence suggest that excess vesicular glutamate accumulation in distinct brain regions is involved in various types of brain pathophysiology. Despite the potential role of VGLUT in CNS pathophysiology, no drugs have hitherto been developed targeting VGLUT.
Several classes of VGLUT inhibitors have been reported, however. They include (a) glutamate analogs such as trans-1-amino-cyclopentane-1,3-dicarboxylate (trans-ACPD) and trans-1-amino-cyclohexane-1,3-dicarboxylate (trans-ACHD) [20] [21] [22] ; (b) quinoline and quinoxaline analogs such as 7-chloro-kynurenate, xanthurenate, and 2-quinoxaline carboxylate [23, 24] ; (c) certain azo dyes bearing disulfonic acid-substituted naphthylamine groups and a biphenyl linker, such as Trypan Blue [25, 26] and Evans Blue [27] ; (d) an inhibitory protein factor referred to as IPF [28] ; (e) polyhalogenated fluorescein such as Rose Bengal and its analogs [29, 30] ; and (f) tetrapeptide inhibitors such as D-Gln-L-Ile-D-Glu-L-Try [31] .
Compounds belonging to groups (a), (b), and (f) are specific to VGLUT, but have relatively low potencies compared to some of the most potent inhibitors; in addition, they all lack cell-membrane permeability. Trypan Blue, IPF, and Rose Bengal are the most potent inhibitors known (IC 50 = 20-50 nM). However, Trypan Blue, though specific to VGLUT, does not penetrate the cellular membrane. The endogenous protein inhibitor IPF, though highly potent, is neither specific to VGLUT nor membrane-permeable. The most potent inhibitor Rose Bengal proved membrane-permeable, leading to reduced glutamate release by inhibiting vesicular glutamate accumulation, but was not highly specific to VGLUT. Thus, there is great need to develop a potent, membrane-permeable VGLUT-specific inhibitor. The purpose of this study was to seek a potent, small molecule VGLUT-specific inhibitor amenable to transformation to a membrane-permeable agent. We report here the transporter specificity and pharmacophore of such an inhibitor. 
Materials and Methods

Animals
Assay for Vesicular Glutamate Uptake
Since there was no significant difference in inhibitor doseresponse curve of vesicular glutamate uptake between crude vesicles and purified vesicles [30] , crude synaptic vesicles prepared from rat cerebrum or calf cerebral cortex, as described previously [32] , were used for this study. Vesicular glutamate uptake was assayed by a modification of Kish and Ueda [32] . The final incubation mixture (100 ll) contained: synaptic vesicles (50 lg protein), 20 mM K-Hepes (pH 7.4), 4 mM MgSO 4 , 4 mM KCl, 2 mM aspartate, 0.25 M sucrose, various concentrations of test agent, ± 2 mM ATP (neutralized with Tris), and 50 lM [ 3 H]glutamate (0.5 Ci/mmol). Pre-incubation was carried out at 30°C for 10 min without ATP and [ 3 H]glutamate, followed by addition of a mixture of these agents (20 ll). The final mixture was incubated for an additional 10 min, followed by filtration and thorough washing with 0.15 M KCl.
Assay for Kinetics of Vesicular Glutamate Uptake with Brilliant Yellow
The assay conditions were similar to the one described above, except that (a) K-Hepes was replaced with TrisHepes, (b) pre-incubation was carried out for 30 min in the presence of Brilliant Yellow, and (c) [H 3 ]glutamate uptake time was 1.5 min.
Assay for Synaptosomal Glutamate Uptake
Synaptosomes were prepared from rat brain cerebrum, as described by Krueger et al. [33] . Synaptosomes (100 lg protein) were incubated at 37°C for 10 [20] .
Preparation of IPF IPF was partially purified through hydroxyapatite column chromatography as described [28] , and used for this study.
Statistical Analysis
Data in tables are presented as mean ± SEM, except where otherwise indicated.
Computational Analysis PCMODEL V 9.0 (Serena Software, Bloomington, IN, USA) was used to calculate intra-molecular atomic distances for some of the agents tested. In this program, molecular mechanics calculations are performed with the MM3 force field [34] . This is capable not only of geometric optimization but also of conformational searches of flexible, small-to medium-sized organic and inorganic molecules. The complementary software Gaussian performs detailed electronic structure calculations based on the density functional theory. Since quantum methods, used in the latter, include all electrons, the performance is slower, and hence this program is applicable to much smaller systems than can be treated by force field methods. PCMODEL has been used in a number of studies (e.g. [35] [36] [37] [38] [39] ). PCMODEL-computed bond distances and angles, as well as the global minimal energy conformation, of organic molecules agree approximately with those determined by X-ray diffraction in the crystal form [35, 36] .
Results
Brilliant Yellow is a Potent Inhibitor of VGLUT
We have tested 200 compounds bearing the sulfonic acid functional group, as well as those devoid of this group. We found Brilliant Yellow to be the most potent, followed by Direct Violet 51, as shown in Fig. 1 and Table 1 . The IC 50 of Brilliant Yellow was determined to be 44 ± 6 nM. Some of the other sulfonic acid-bearing compounds which showed lower potency than Direct Violet 51 are Brilliant Blue G, The potency of Brilliant Yellow is equivalent to that of Trypan Blue, the most potent VGLUT-specific inhibitor hitherto reported (IC 50 = 49 nM) [25, 26] . Both compounds have diazo groups and sulfonic acid substitutions. However, Brilliant Yellow differs from Trypan Blue in several respects. The former is a significantly smaller molecule than the latter (MW 578.55 vs. MW 868.81). Brilliant Yellow has a stilbene moiety, but lacks the naphthalenyl and amino groups, both present in Trypan Blue. Brilliant Yellow's sulfonic acid substitution occurs in the benzene ring of the stilbene moiety, as opposed to the naphthalene ring seen in Trypan Blue. Brilliant Yellow has two sulfonic acid groups, as opposed to four with Trypan Blue; this makes the former less charged than the latter. Perhaps the most important difference for our purpose between these diazo compounds is that Brilliant Yellow is free of the amino group and has a hydroxyl group in each of the molecule's terminal positions, as opposed to the presence of the hydrogen-bonded amino groups in the Trypan Blue molecule. This renders Brilliant Yellow amenable to easy modification. Direct Violet 51, though not as potent as Brilliant Yellow, was also found to be a quite strong inhibitor of vesicular glutamate uptake with IC 50 of 148 ± 31 nM. Unlike Brilliant Yellow, it lacks the stilbene moiety, but has a moiety containing sulfonic acid group-substituted naphthol linked to the azenyl group. In this respect, Direct Violet 51 is similar to Trypan Blue, but has only one naphthol group, and only one (rather than two) sulfonic acid group is substituted per naphthol group, in contrast to Trypan Blue.
Brilliant Yellow Does not Affect Vesicular GABA Uptake or Synaptosomal Glutamate Uptake
In order to determine how specific Brilliant Yellow inhibition is to VGLUT, we have examined the effect of this
agent on GABA uptake into synaptic vesicles as well as glutamate uptake into synaptosomes. As shown in Fig. 2 and Table 2 , Brilliant Yellow affected neither vesicular GABA uptake nor synaptosomal glutamate uptake at concentrations up to 50 lM. These data suggest Brilliant Yellow acts as a specific inhibitor for VGLUT. Consistent with this, kinetic experiments, shown in Fig. 3 , indicate that Brilliant Yellow competes with glutamate for VGLUT, suggesting that Brilliant Yellow binds at or near the glutamate binding site. The K i value of Brilliant Yellow was determined to be 12.5 nM (n = 3), using 0, 40, 60, and 80 nM Brilliant Yellow.
Pharmacophore of Brilliant Yellow
In an effort to determine the inhibitory pharmacophore, we have tested various Brilliant Yellow analogs and related compounds. This includes (a) chrysophenine, the dimethyl ester of Brilliant Yellow; (b) 4,4
, the (p-hydroxyphenyl)azenyl moiety is replaced by the nitro group, the benzoylamino group, the acetylamino group, the phenylsufonylamino group, and the amino group, respectively]; (g) 4,4 0 -di-p-hydroxybenzylidene-aminostilbene-2,2 0 -disulfonate (in which one of the nitrogen atoms of the azenyl group, the one linked to the p-hydroxyphenyl group, is replaced by the carbon atom); and (h) 4,4 0 -dinitrostilbene-2,2 0 -disulfonic acid diphenyl ester.
As shown in Table 3 , chrysophenine is somewhat, but not drastically, less potent than Brilliant Yellow. This indicates that the free hydroxyl group linked to the phenyl group is not critical in causing inhibition. However, it is important in optimizing the inhibitory effect. Potency of 4,4 0 -dinitrostilbene-2,2 0 -disulfonate is substantially reduced compared to Brilliant Yellow, although it can still act as an inhibitor of vesicular glutamate uptake. This indicates that the (p-hydroxyphenyl)azenyl moiety is crucial in producing highly potent inhibition. Replacement of the nitro group with the amino group resulted in further marked reduction in potency, as seen in 4,4 0 -diaminostilbene-2,2 0 -disulfonate. Replacement of one of the amino group's hydrogen atoms with the benzoyl, but not acetyl, group restored inhibitory potency to that of 4,4 0 -dinitrostilbene-2,2 0 -disulfonate, as seen in 4,4 0 -dibenzamidostilbene-2,2 0 -disulfonate (Table 3 ; Fig. 4 ). This indicates that the phenyl group is an important element of the inhibitory pharmacophore. Of great interest, simply replacing one Brilliant Yellow azenyl group nitrogen atom with the carbon atom eliminated its potent inhibitory activity, as evident in 4,4 0 -di-p-hydroxybenzylidene-aminostilbene-2,2 0 -disulfonate. This shows the critical importance of the azenyl group in generating Brilliant Yellow's high potency. Consistent with this, replacement of an azenyl group's nitrogen atom with the sufonyl group abolishes inhibitory activity, as seen in 4,4 0 -diphenylsulfonamidostilbene-2,2 0 -disulfonate. Finally, esterification of the sulphonic acid group with phenol also abolished Brilliant Yellow's highly potent inhibitory activity, as seen in 4,4 0 -dinitrostilbene-2,2 0 -sulfonic acid diphenyl ester. This indicates that the negatively charged sulfonate group is also a critical element of Brilliant Fig. 1 a Taken from Table 1 b Mean ± SEM (n = 4) Yellow's pharmacophore. These results altogether indicate that the sulfonate, azenyl, phenyl and hydroxyl groups constitute the highly potent pharmacophore of Brilliant Yellow.
Inhibition by Brilliant Yellow is Prevented by IR-1048
Since an agent which would relieve Brilliant Yellow inhibition could be useful in the study of Brilliant Yellowinduced biological phenomena, we have sought its deinhibitor. We have found that IR-1048 alleviates vesicular glutamate uptake inhibition by Brilliant Yellow in a dosedependent manner, as shown in Fig. 5 . Brilliant Yellow inhibited vesicular glutamate uptake 80 % at 0.3 lM. This inhibition was almost completely abolished in the presence of 10 lM IR-1048. IR-1048 alone had no effect on vesicular glutamate uptake in the absence of Brilliant Yellow. The IR-1048 concentration required to cause 50 % de-inhibition was 0.8-1.0 lM under these conditions. IR-1061, a somewhat similar compound to IR-1048, did not act as a de-inhibitor of Brilliant Yellow (data not shown). Thus, IR-1048 could serve as quite a potent, selective antagonist of the vesicular glutamate uptake inhibitor Brilliant Yellow. The mechanism of de-inhibition is not known. Whether IR-1048 competes with Brilliant Yellow or binds to an allosteric site remains to be determined.
Among potent inhibitors of vesicular glutamate uptake is an inhibitory protein factor referred to as IPF [28, 40, 41] . In contrast to Brilliant Yellow-induced inhibition, IPFinduced inhibition was not prevented by IR-1048 (Fig. 6) . It may be pointed out that the former inhibition is specific to VGLUT, whereas the latter is not; IPF affects vesicular GABA and monoamine uptake as well [28, 41] . Thus, IR-1048 distinguishes these two types of VGLUT inhibition.
Discussion
We have shown that Brilliant Yellow is a potent VGLUTspecific inhibitor, as illustrated in Fig. 7 . Its potency is similar to that of Trypan Blue. These diazo compounds are the most potent VGLUT-specific inhibitors currently known. These agents have azenyl and sulfonate groups in common. However, Brilliant Yellow is distinct from Trypan Blue in several respects, as mentioned in Results. The most important difference for our purpose is that Brilliant Yellow is free of amino groups but bears a hydroxyl group in each terminal position, whereas Trypan Blue has amino groups as well as hydroxyl groups, which are hydrogenbonded to the amino groups. This would render Brilliant Yellow amenable to easy modification.
Transporter specificity of Brilliant Yellow is quite remarkable. Affinity difference between VGLUT and the vesicular GABA transporter, as well as the plasma membrane glutamate transporter, is greater than three orders of magnitude. Thus, it is unlikely that Brilliant Yellow, at low concentrations sufficient to inhibit VGLUT, affects ATPase, membrane potential formation, chloride influx, or pH gradient formation, all of which are required for vesicular GABA transport. We have provided evidence that Brilliant Yellow is a competitive inhibitor with respect to glutamate, with a K i value of 12.5 nM. This suggests that Brilliant Yellow interacts with VGLUT at a site close to the glutamate-binding site, not at an allosteric site. The K i value of Trypan Blue has been reported to be about 50 nM [25] . Thus, Brilliant Yellow appears to have higher affinity for VGLUT than does Trypan Blue, rendering Brilliant Yellow the most potent, VGLUT-specific inhibitor at present.
Reserpine, tetrabenazine, and ketanserin are well-known potent, specific inhibitors of vesicular monoamine transporters (VMAT) [42] [43] [44] [45] [46] [47] [48] [49] [50] . VMAT2, the isoform primarily expressed in monoaminergic neurons of the central and peripheral sympathetic nervous systems, is more sensitive to these inhibitors than is VMAT1, which is preferentially expressed in peripheral endocrine cells such as chromaffin cells [49, 50] . The high affinity binding of [
11 C]tetrabenazine and [
11 C]dihydrotetrabenazine to VMAT2 has been used for non-invasive imaging of VMAT2 in the human brain [51, 52] . The inhibitory action of tetrabenazine on VMAT2 in the brain is also considered to underlie its therapeutic effect on Huntington's chorea [53, 54] . Vesamicol, a neuromuscular blocking agent, has been shown to attenuate cholinergic transmission by acting as a potent, allosteric vesicular acetylcholine transporter (VAChT)-specific inhibitor [55, 56] . A number of radioligands have been developed based upon the vesamicol scaffold, aimed at brain VAChT imaging [57] . None of these VMAT-or VAChT-specific agents or their analogs resemble Brilliant Yellow or Trypan Blue in structure. Hence, it is unlikely that Brilliant Yellow affects vesicular amine transporter activity. However, this, as well as VGLUT isoform specificity, remains to be investigated.
Data presented in Table 3 suggest that the sulfonate, azenyl, and phenyl groups are all essential for high potency of Brilliant Yellow. The question is how they should be coordinated. Molecular modeling indicates that Brilliant Yellow and Trypan Blue, though structurally significantly different, have in common the O -(negatively charged sulfonate oxygen)-N (phenyl group-linked azenyl nitrogen) distance. This is consistent with the azenyl group being an essential element of the pharmacophore of Brilliant Yellow. The distance between the negatively charged oxygen of Brilliant Yellow's left side sulfonate and the azenyl group nitrogen atom linked to the right side hydroxyphenyl group is 9.324 ± 0.008 A (in the frozen sate; n = 6). This distance is close to the distance [9.799 ± 0.007 (in the frozen sate; n = 6)] between the negatively charged oxygen of Trypan Blue's external sulfonate group (meta-positioned relative to the amino group of the naphtholamine moiety) and the azenyl group nitrogen linked to the methylphenyl group in the same half of the molecule. This similarity supports the notion that azenyl group nitrogen and negatively charged [25] . The other O-N distance of Brilliant Crocein MOO (7.845 A) is significantly shorter than optimal, and hence would barely contributes to potency.
The O-N distance of Brilliant Crocein MOO (8.819 A) is similar to that of Bordeau R (8.857 ± 0 A, n = 3), the distance between the O -of the sulfonate group (not adjacent to the hydroxyl group) linked to one naphthalane group and the azenyl N linked to the other naphthalane group. These almost identical distances would also account for very similar potencies of Brilliant Crocein MOO and Bordeau R (7.7 vs. 6.5 lM IC 50 ).
The even lower potency of Tartrazine could be explained by its much longer O-N distance compared to that of Brilliant Yellow or Trypan Blue. The distance between the right side sulfonate O -and the azenyl N linked to the phenyl group is 12.191 ± 0 A (n = 3). The distance between the carboxyl group O -and the azenyl N linked to the phenyl group is 4.430 ± 0 A (n = 3); this is much shorter than the O-N distance of Brilliant Yellow or Trypan Blue. The distance between the O -of the left terminal sulfonate group and the azenyl N linked to the pyrazol moiety, rather than to the phenyl group, is not taken into account.
Another example of poor sulfonate-containing VGLUT inhibitors is sulforhodamine. The distance between the ortho-sulfonate group O -and the uncharged N of the dimethyl group is 8.721 ± 0.129 A (n = 5). The distance between the para-sulfonate group O -and the uncharged N of the dimethylamino group is 10.291 ± 0.194 A (n = 5). The former is similar to the O-N distance of Brilliant Crocein MOO (8.816 A), and fairly close to that of Brilliant Yellow. The latter is also fairly close to the O-N distance of Trypan Blue. However, this nitrogen of sulforhodamine is neither hydrogen bond-forming nor linked to a second phenyl group. This would account for the poor sulforhodamine affinity for VGLUT. This is consistent with hydrogen bond-forming nitrogen and phenyl group requirements for the potent pharmacophore of Brilliant Yellow.
The fact that Brilliant Yellow can be easily modified raises the possibility that a hydrophobic derivative could be synthesized. Such an agent could provide a useful tool in cellular experiments, investigating the role of VGLUT in synaptic transmission. It could also serve as a prototype compound for a novel anti-epileptic drug lead.
In conclusion, the pharmacophore of Brilliant Yellow is defined by the distance between the negatively charged oxygen in one half of the molecule and the hydrogen bondforming nitrogen linked to the hydroxyphenyl group in the other half, together with its molecular symmetry, as shown below. Other molecules containing two of these components per molecule are also likely to exhibit potent, specific VGLUT inhibition.
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